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Abstract   
In this work, we describe a new process of fabrication of low-cost silicon wafers which are produced by sintering 
silicon powder followed by a Zone Melting Recrystallization (ZMR) step. The influence of the ZMR step on the 
physical and chemical characteristics of the substrate is reported. The evolution of the impurities content along the 
different steps of the substrate process was studied. In addition to the increase of the grain size and improved 
crystalline quality, the ZMR step allowed reducing the total impurities and especially the oxygen content already 
present in sintered wafer. Furthermore the ZMR improved drastically the value of the minority charge carrier lifetime 
resulting from impurities reduction and the crystal growth in the sintered substrate. The recrystallized sintered wafers 
showed a good majority carrier mobility of 245 cm2 V-1 s-1 and a doping level of 5x1016 atm cm-3. The efficiency of 
8.9 % obtained with the recrystallized sintered wafer, using the simplified cell process, is very encouraging. 
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committee of the SiliconPV 2012 conference 
 
Keywords:  Silicon solar cells; Silicon Powders; Sintering; Zone Melting Recrystallization 
 
1. Introduction 
The photovoltaic market has developed remarkably in recent years. Silicon is the material most used 
in the PV industry. Its price-quality ratio allows it to be the material of choice. However the widespread 
use of silicon in recent years has led to a shortage, thus causing an increase in its price [1]. It is therefore 
necessary for the PV-industry to decrease the manufacturing cost of solar cells.  
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A promising possibility to achieve cost reduction is the development of a cheap production process for 
multicrystalline silicon wafers.  Some techniques try to overcome these problems. Among them, the 
production of silicon ribbons is the subject of many projects [2]. These technologies developed since 
more than 40 years, have generated much enthusiasm. The manufacture of silicon wafers for photovoltaic 
applications by sintering silicon powders is also one of promising solutions for this challenge [3, 4]. 
These sintered substrates can be used directly after a ZMR recrystallization step as active layer of the 
solar cell [5]. This process avoids the material loss of the traditional cast multicrystalline silicon due to 
wafering by wire-cutting process. However the level of impurity in the substrate should be controlled 
because metal impurities present in the active layer degrade the minority charge carrier lifetime [6]. 
Furthermore, important oxygen content can affect the mechanical strength of the substrates and limit its 
electrical conductivity. In this work, we studied the influence of the ZMR step on the physical and 
chemical characteristics of the sintered silicon substrate. The process of fabrication of silicon wafers by 
sintering silicon powders followed by a Zone Melting Recrystallization (ZMR) step is described in this 
paper.  
The contamination of the material, in order to study the evolution of impurities content along the 
different steps of the process, is analyzed. Indeed the effect of the recrystallization on the minority charge 
carrier lifetime on the substrates is studied. The results of the first solar cells on recrystallized sintered 
substrates are discussed. 
 
2. Experimental  
Micrometric grains sintered wafers were obtained by hot-pressing fine silicon powders in a hot-press 
furnace. The powder was first compacted in the rectangular form of wafers which were thereafter inserted 
between two graphite pistons coated with a thick layer of SiC. The silicon compacts were sintered at 
1200°C. The sintering leads to a plastic deformation of the silicon grains giving thus a densification of the 
sintered wafer up to 95% of the theoretical density of silicon. Several samples were manufactured at the 
same time. Doping concentration of 1016 cm-3 to up to 1018 cm-3 can be obtained by solid phase diffusion 
of boron introduced into the furnace during sintering. For the ZMR step each sintered wafer was kept 
vertically via an adequate support. Two elliptic mirrors are used to focus the radiation of two halogen 
lamps of 1000 W on both sides of the sintered wafer. The sample was then moved downwards with a 
speed of several mm/min. The process was performed under an Argon flow. This process favors the 
lateral growth of the grains from some micrometers to some millimeters. The obtained semiconducting 
materials were then physico-chemically characterized with different tools in order to study the evolution 
of the crystalline structure and the impurities content along the different steps of our process. Electrical 
characterizations were done on the recrystallized sintered substrate and on standard cast multicrystalline 
silicon wafer used as the reference. The resistivity value obtained on different samples was determined by 
the four point’s method. Hall effect measurements were used to determine the mobility and the doping 
level in the ZMR sintered wafer and in the reference. A simplified cell process consisted of diffused 
POCl3 emitter formation, evaporated and electroplated contacts, and an antireflection coating of silicon 
nitride (SiNx:H) deposited by PECVD. The deposited thickness is 70 nm. No texturing was applied. 
Standard multicrystalline sample is used as reference to validate the cells manufacturing process.  Fig. 1 
shows the different stages of the solar cells made on ZMR sintered wafer. 
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Fig.1. Different stages of the solar cells process on ZMR sintered wafer 
3. Results and Discussions  
   The Figure 2 shows the photography of the sintered substrate before and after the ZMR process. We can 
see that the recrystallization coarsens the grain structure. The grain size reaches some millimeters after 
the ZMR step, giving rise to an elongated form in the direction of ZMR scanning.   
 
Fig. 2. Photography of sintered substrate (a) before and (b) after recrystallization 
 
In Fig. 3, the optical microscopy image shows a uniform microstructure with a rate of dislocation 
between 5x105 and 106 cm-2 after the Secco chemical etching of the ZMR sintered substrate. The size of 
the circular dislocations revealed is around 1 μm. The value of the dislocation rate found in the ZMR 
wafer is comparable to that in other industrial wafers [7].   
 
Fig. 3. Dislocation pit delineated by Secco etching on the ZMR wafer 
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Fig. 4 shows the infrared spectra of a sintered substrate before and after recrystallization. We can see 
on the recrystallized substrate spectra, the peaks at 605 cm-1 and at 1107 cm-1 corresponding, respectively, 
to the vibration mode of the substitutional carbon and the interstitial oxygen present in the substrate. The 
strong peaks at 468 cm-1, 950 cm-1 and 1090 cm-1 on the sintered substrate spectra indicate an important 
oxygen content in form of SiO2 precipitates present in the sintered substrate. By doing the semi-
quantitative infrared spectra analysis of the sintered substrate before and after recrystallization, we find 
that the oxygen concentration strongly decreases with the ZMR step from 630 ppma (sintered wafer) to 
only 20 ppma (recrystallized wafer). The decrease of oxygen after ZMR is characterized by the 
disappearance of infrared absorption peaks corresponding to the vibration mode of SiO2 precipitates. The 
peak position of oxygen shifts from 1090 cm-1 to 1107 cm-1. During the ZMR, the SiO2 precipitates are 
dissolved and most of the oxygen diffuses out of the wafer in form of SiO or is released as O2 [8]. A 
carbon concentration of about 30 ppma is estimated by FTIR on the two different substrates 
corresponding to the substitutional carbon.     
 
Fig. 4. Oxygen concentration evolution with recrystallization step determined by FTIR 
Table 1 gives the total concentration of oxygen and carbon present in the sintered substrate before and 
after recrystallization as determined by IGA. In accordance with FTIR, the result also shows that the 
oxygen content decreases drastically after recrystallization. The carbon content determined by IGA is 
greater than that estimated by FTIR on the two samples.  
Table 1. Light impurities concentration in the sintering wafer before and after recrystallization 
 
Light impurities content Sintered wafer ZMR sintered wafer 
O (ppma) 650 24 
C (ppma) 300 256 
 
We can also see that carbon does not decrease with the recrystallization. The carbon is present in the 
bulk of the material in the form of silicon carbide inclusions which decompose at temperatures above 
2100 °C [9] and will be very difficult to remove them by evaporation as in the case of oxygen. The 
recrystallization is done at 1420 °C. The carbon may have been introduced during the sintering process 
because of the used hot-press furnace are made of graphite pieces.  
In Table 2, are presented the metallic and doping impurities content on a sintered substrate before and 
after recrystallization as determined by GDMS.  
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Table 2. Metallic and doping impurities content in the sintered substrate before and after recrystallization step 
 
Metallic and doping impurities content (ppmwt) Sintered wafer ZMR sintered wafer 
Al 2.9 ± 0.12 0.58 ± 0.024 
Mg 0.15 ± 0.007 < dl (0.005) 
Ca 1.59 ± 0.08 0.45 ± 0.023 
Ti 0.13 ± 0.005 < dl (0.005) 
Fe 1.4 ± 0.045 < dl (0.01) 
Cr 0.08 ± 0.002 < dl (0.005) 
Cu 0.26 ± 0.008 < dl (0.01) 
B 1.2 ± 0.02 1.2 ± 0.02 
P 0.05 ± 0.001 0.05 ± 0.001 
(dl: detection limit) 
 
 
Metallic impurities content decrease drastically after the ZMR step. The concentration of the 
impurities such as Fe, Cr, Cu, Ti, and Mg reaches the detection limit, giving thus reduction ratios greater 
than 99 % after the recrystallization. For the iron (Fe) for example, a factor of more than 100 was 
evaluated, leading to a concentration of less than 0. 01 ppmw (detection limit). The content of these 
impurities is comparable to the acceptable contamination level for standard solar grade silicon wafer [10]. 
For Al and Ca, factors respectively of 5 and 3 corresponding to reduction efficiencies of 80 % and 70 % 
were evaluated.  Most of the impurities are removed from the wafers during the ZMR by segregation. As 
in the case of directional solidification, metallic impurities segregate in the melt in the direction opposite 
to the grains growth during the ZMR. At the end of the growth, most of impurities are found in a thin 
region near the end (bottom of the wafer) of the ZMR scan. The efficiency of removal of impurities from 
silicon depends, of course, on their segregation coefficients [11]. We can see that the content of the 
doping impurities remained constant with the recrystallization step. The removal of boron and phosphorus 
usually cannot be accomplished in the same processing step with removal of metals. The elimination of 
doping impurities by segregation during the ZMR is a difficult task because of their high segregation 
coefficients. Boron and phosphorus can be effectively removed from silicon with different processing like 
melting and refining of silicon with reactive plasma or evaporation of phosphorus at the surface of the 
silicon melt [12].  
 
The lifetime of minority carriers was measured by microwave detected photoconductive decay (μ-
PCD). Because of low carrier lifetime values for the sintered wafer before the recristallisation, an 
enhanced μ-PCD setup with improved sensitivity (contact technique) was used. After the ZMR the 
minority charge carrier’s lifetime mapping was performed by a convectional μ-PCD system. Passivation 
with iodine-ethanol was systematically applied to the samples before the lifetime measurement. Figure 5 
shows the effect of the recrystallization step on the minority charge carrier lifetime. We have lifetime 
value improvement from 30 ns for the sintered material to 1500 ns for the ZMR substrate. The increase of 
the value of lifetime is due to the improvement of the crystalline structure and to the reduction of 
impurities with the ZMR.  
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Fig. 5. μ-PCD lifetime map of (a) sintered wafer and of (b) ZMR sintered wafer 
Table 3 gives the value of the resistivity and the mobility and doping level in ZMR sintered wafer 
compared to that of the multicristalline reference.   
Table 3. Resistivity, mobility and doping level in the ZMR wafer and in the reference 
 
Samples Thickness (μm) 
Resistivity 
(: cm) 
Mobility 
(cm2 V-1 s-1) 
Doping level 
(at cm-3) 
ZMR sintered wafer 300 0.5 245 5.1016 
Mc reference 200 2.1 331 8.1015 
 
The resistivity of the ZMR sample is lower than that of the reference. This shows that the doping level 
is more important in the ZMR wafer. The mobility of the ZMR wafer is lower than that of the reference. 
This can be explained by the fact that the doping level is higher in the ZMR sample. It can also due to the 
presence of defects in the ZMR material. Otherwise, since the ZMR sample has grains and grain 
boundaries through the entire thickness, during the mobility measurement, the charges created move 
transversely the thickness of the wafer and across the grain boundaries. This would reduce the value of 
the mobility. The ZMR wafer has a lifetime which is 1.5 μs compared to that found on the reference that 
is 10 μs. The difference between these two values can be explained by the carbon content relatively high 
in form of inclusions in the ZMR wafer. 
Doing the simplified process, solar cells are directly realized on ZMR sintered wafers. Current-Voltage 
(I-V) characterizations under illumination were performed on ZMR samples. Multicrystalline sample is 
used as reference to validate the cells manufacturing process. Table 4 summarizes the characteristics of 
the best cells under illumination compared to that of the reference. 
Table 4. Solar cells characteristics and efficiencies 
 
Samples Jcc  (mA/cm2) Voc  (mV) FF  (%) η  (%) Rs,sunsVoc (: cm2) 
ZMR sintered wafer 
 28.6 534.1 58.1 8.9 1.5 
Mc reference 29.9 554.8 57.9 9.6 3.6 
 
The series resistance obtained on the ZMR sintered wafer and even on the reference respectively 1.5 
: cm2 and 3.6 : cm2, are high compared to those obtained from industrial solar cells. The series 
resistance of these latter is about 1 : cm2 [13]. This may be due to metallization defects during the cells  
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realization. Conversion efficiencies of 8.9 % and 9.2 % are obtained respectively on the ZMR wafer and 
the reference. These values are lower than the usual efficiencies obtained on industrial solar cells. 
However it should be noted that the used process does not include texturing and requires lithography 
steps to limit the thickness of deposited metal and thus reduce the series resistance. The low value of the 
VOC obtained on the reference can be explained also by eventual recombination effects. The efficiency of 
8.9 % obtained from the ZMR sintered wafer is however encouraging compared to that obtained from the 
reference. The difference of the efficiencies between the two types of materials can be explained by the 
presence of SiC inclusions in the ZMR samples. These inclusions induce significant leakage currents that 
decrease the open circuit voltage (VOC) and consequently the final efficiency [14]. The doping level 
slightly higher in the ZMR sintered wafer can also explain this difference. Indeed a hydrogenation step 
could increase by 2 % the efficiency obtained on the ZMR sintered sample. Hydrogen passive the volume 
defects such as dislocations, grain boundaries, the dangling bonds and the impurities 
 
4. Conclusion  
Besides increasing the grain size and improving the crystalline quality, the substrate recrystallization 
step allowed reducing the total impurities, and especially, the oxygen content already present in sintered 
wafers. The presence of SiC inclusions defects in the bulk of the wafer, affects the cells efficiency. 
Recrystallization improves also the minority charge carrier lifetime of the sintered substrate which is the 
result of the reduction of the impurities and the improvement of the crystalline structure. The very 
encouraging solar cell results obtained show that recrystallized sintered wafer is an interesting candidate 
for photovoltaic’s solar cells. 
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